Most proteins synthesized in the endoplasmic reticulum (ER) possess intramolecular and intermolecular disulfide bonds, which play an important role in the conformational stability and function of proteins. Hence, eukaryotic cells contain protein disulfide bond formation pathways such as the protein disulfide isomerase (PDI)-ER oxidoreductin 1 (Ero1) system in the ER lumen. In this study, we identified soybean PDIL7 (GmPDIL7), a novel soybean ER membrane-bound PDI family protein, and determined its enzymatic properties. GmPDIL7 has a putative N-terminal signal sequence, a thioredoxin domain with an active center motif (CGHC), and a putative Cterminal transmembrane region. Likewise, we demonstrated that GmPDIL7 is ubiquitously expressed in soybean tissues and is localized in the ER membrane. Furthermore, GmPDIL7 associated with other soybean PDI family proteins in vivo and GmPDIL7 mRNA was slightly upregulated under ER stress. The redox potential of recombinant GmPDIL7 expressed in Escherichia coli was À187 mV, indicating that GmPDIL7 could oxidize unfolded proteins. GmPDIL7 exhibited a dithiol oxidase activity level that was similar to other soybean PDI family proteins. However, the oxidative refolding activity of GmPDIL7 was lower than other soybean PDI family proteins. GmPDIL7 was well oxidized by GmERO1. Taken together, our results indicated that GmPDIL7 primarily plays a role as a supplier of disulfide bonds in nascent proteins for oxidative folding on the ER membrane.
Introduction
In eukaryotes, many secretory, membrane, and organelle proteins are synthesized and folded in the endoplasmic reticulum (ER). More than 90% of proteins synthesized in the ER have intramolecular disulfide bonds, which are essential for the conformational stability and function of proteins [1] . Disulfide bond formation in nascent polypeptide chains in the ER is accompanied by dithiol/disulfide transfer reactions that are catalyzed by members of the protein disulfide isomerase (PDI) family protein [2] . In humans, there are approximately 20 proteins that belong to the PDI family, a subset of which have been studied in detail [3] . In higher plants including, Arabidopsis, soybean (Glycine max), wheat (Triticum aestivum), and rice (Oryza sativa), there are 10 groups of proteins that belong to the PDI family [4] [5] [6] . In Arabidopsis, a set of 22 orthologs of known PDI family proteins were discovered by a genome-wide search and separated into phylogenetic groups I-X [4]. Among them, class I PDI family proteins, including a plant PDI ortholog, have been studied in a wide variety of plants.
Class I PDI family proteins contain two thioredoxin domains, a and a 0 , which have an active center motif (Cys-Gly-His-Cys) and two thioredoxin domains, b and b 0 , which lack catalytically active cysteines. An Arabidopsis ortholog of the class I PDI family proteins is essential for seed development and regulates the timing of programmed cell death by chaperoning and inhibiting Cys proteases [7] . A PDI in the coffee plant family (Rubiaceae) has been shown to be involved in the folding of knotted circular proteins [8] . PDIL1-1, the rice ortholog of class I PDI family proteins, is reportedly related to the maturation of the major seed storage protein glutelin and to the regulatory activities of various proteins involved in the synthesis of grain components [9, 10] . The oxidative refolding abilities of class I and II PDI family proteins were confirmed using recombinant soybean GmPDIL-1 and GmPDIL-2 and wheat proteins expressed in Escherichia coli (E. coli) [11, 12] . Class II PDI family proteins have an a-b-b 0 -a 0 domain structure and an acidic amino acidrich sequence in the N-terminal region adjacent to the a domain. Class III also have an a-b-b 0 -a 0 domain structure; however, the recombinant soybean class III PDI family protein GmPDIL-3 and wheat proteins lack oxidative refolding activity in vitro [12, 13] , most likely because they contain nonclassical active-center CXXS/C motifs in the a and a 0 domains. Class IV PDI family proteins, which have an a-a 0 -ERp29 domain structure, are unique to plants [14] . Recombinant soybean class IV PDI family proteins, GmPDIS-1 and GmPDIS-2, and wheat class IV PDI family proteins have an oxidative refolding activity. However, the activity is weaker than the activity apparent in class I and II [12, 14] . Class V PDI family proteins have an a-a 0 -b domain structure that is similar to mammalian P5. Additionally, a rice class V PDI family protein has been shown to play an important role in the accumulation of Cys-rich 10-kDa prolamin (crP10) [15] . Furthermore, recombinant soybean class V PDI family proteins, GmPDIM, and wheat class V PDI family proteins have an oxidative refolding activity that is similar to that of class IV [12, 16] . Class VI, VII, and VIII PDI family proteins have a single catalytically active domain. Among them, class VII and VIII have a putative transmembrane region that could act as an ER anchor. Class VIII PDI family proteins are unique to plants and have an a-COPII domain structure with two predicted transmembrane regions at the N-terminal and C-terminal regions. The Arabidopsis class VIII PDI family proteins PDI7, PDI12, and PDI13 have been identified as hybrid PDI-like and cargo receptor-like proteins [17] . Class VII PDI family proteins have an a-b-b 0 domain structure with a C-terminal transmembrane region similar to mammalian TMX3 [18, 19] . However, only the oxidase activity of recombinant human TMX3 (HsTMX3) has been confirmed as the enzymatic characteristics of plant class VII PDI family proteins have not yet been determined.
Disulfide bond formation in a nascent polypeptide by PDI family proteins is accompanied by the reduction of their active center to dithiol. Because the active centers of PDI family proteins cannot become oxidized alone, PDI family proteins require other oxidizing molecules. In yeast and mammalian cells, ER oxidoreductin 1 (Ero1) directly transfers disulfide bonds to PDI [20] [21] [22] [23] [24] . Ero1 orthologs are present universally in eukaryotes and plant orthologs of Ero1p, rice Ero1 (OsERO1), and soybean Ero1 (GmERO1) have been identified [25, 26] . OsERO1 is necessary for disulfide bond formation in rice endosperm, whereas recombinant GmERO1 reportedly has broad substrate specificity and oxidizes GmPDIL-1, GmPDIM, GmPDIS-1, and GmPDIS-2, but not GmPDIL-2.
In this study, we identified GmPDIL7, a novel member of the soybean PDI family protein which belongs to class VII PDI family protein. Likewise, we explored the location of GmPDIL7 in soybean cells and determined that GmPDIL7 is an ER membrane-bound PDI family protein. In addition, we characterized the enzymatic properties, oxidase activity, oxidative folding activity, and sensitivity for oxidation by GmERO1 of recombinant GmPDIL7.
Results and Discussion

cDNA cloning of GmPDIL7
To clone GmPDIL7, the novel member of the soybean PDI family protein, we performed a BLAST search with the TaPDIL7-1a cDNA nucleotide sequence from the National Center for Biotechnology Information and identified a predicted mRNA sequence (XM003536342). We then designed primer sets based on XM003536342 and generated a cDNA derived from young soybean leaves by RT-PCR. The cDNA encoded GmPDIL7, which is a protein composed of 433 amino acids (Fig. 1A,B) . A BLAST genome search of G. max in the Phytozome database identified the nucleotide sequences for GmPDIL7, which is located on chromosome 10 and is composed of five exons and four introns (Fig. 1C) . GmPDIL7 possesses a putative N-terminal signal sequence, a thioredoxin domain with an active center motif (CGHC), two thioredoxin domains lacking catalytically active cysteines, and a putative C-terminal transmembrane region (Fig. 1A) . The domain structure of GmPDIL7 is similar to that of HsTMX3 [19] . However, the identity between the amino acid sequences of GmPDIL7 and HsTMX3 is only 21%.
Expression of GmPDIL7 in soybean tissue and cellular localization
The levels of GmPDIL7 mRNA in the roots, stems, and leaves were measured ( Fig. 2A) . GmPDIL7 mRNA was ubiquitously expressed in all of the tissues but the mRNA levels were the highest in the roots. We used plants 20 days after seeding. During this time of relatively rapid growth, GmPDIL7 might play an important role in root growth and protein folding in the roots. The 47 kDa band corresponding to GmPDIL7 was detected in the roots, stems, and leaves by western blotting with anti-GmPDIL7 serum, which revealed that the concentration of GmPDIL7 was higher in the roots than in the other tissues (Fig. 2B) . The GmPDIL7 mRNA levels in the soybean cotyledon were measured during seed development (Fig. 2C) , which revealed that the mRNA level increased from the initial period of seed filling (bean weight of 20-50 mg). The GmPDIL7 mRNA levels were also high in beans weighing 140-250 mg, which corresponded to the periods during which the synthesis of seed storage proteins, such as glycinin, is the highest [14] . As well, GmPDIL7 was continuously expressed in the cotyledon during seed development (Fig. 2D) .
Many ER-resident proteins that assist in the folding of nascent polypeptides are upregulated by the unfolded protein response in plants, which is triggered by the accumulation of unfolded proteins in the ER (i.e., ER stress) [27] [28] [29] [30] . To examine the effect of ER stress on the expression of GmPDIL7, leaves were divided into two halves and each was treated or not treated with tunicamycin and dithiothreitol, which induce ER stress [27, 28] . mRNA levels were then measured. Leaves were used instead of roots for this purpose because they can be easily divided and the physiologic conditions in each half should be the same. It is difficult, however, to divide roots in this manner. The expression of GmPDIL7 mRNA increased slightly following treatment with tunicamycin and dithiothreitol. However, the level of increase was very small compared to that of GmBiP, a known unfolded protein response gene (Fig. 2E) . As well, the unfolded protein response elements [31] [32] [33] [34] [35] were not found within the 2500-bp upstream and downstream sequences of the GmPDIL7 open reading frame.
GmPDIL7 has a putative transmembrane region (Ile376-Phe395) near the C terminus and one putative N-glycosylated asparagine residue. Hence, it was confirmed that GmPDIL7 is a membrane-bound glycoprotein targeted to the ER. When the extract from the cotyledon was treated with endoglycosidase H or PNGase F, the size of the GmPDIL7 protein did not change (Fig. 3A) , suggesting that no high-mannose-type N-glycan was attached to GmPDIL7. GmPDIL7 was recovered in the precipitate from the cell homogenate following sonication, but not in the supernatant after ultracentrifugation, and pretreatment with Triton X-100 caused the solubilization of GmPDIL7 in the supernatant along with soybean calnexin (Fig. 3B ). In the confocal microscopy images, the colocalization of GmPDIL7 with GmPDIS-1, which colocalized with the ER protein GmBiP, was observed upon immunostaining ( Fig. 3C,D) . These results revealed that GmPDIL7 was a membranebound protein targeted to the ER. The presence of a putative N-terminal signal sequence suggests that GmPDIL7 is a type I membrane-bound protein.
Enzymatic properties of recombinant GmPDIL7
To determine the enzymatic properties of GmPDIL7, we expressed recombinant glutathione-S-transferase (GST)-fused GmPDIL7 (Glu25-Asp375) lacking the putative N-terminal signal sequence and the putative C-terminal transmembrane region (Fig. 4A) . The recombinant GST-fused GmPDIL7 was expressed as a soluble protein in E. coli (Fig. 4B , lane 1), isolated by GST-tag affinity chromatography, and digested using PreScission Protease (Fig. 4B , lane 2). The eluted GmPDIL-7 was purified by gel filtration column chromatography (Fig. 4B, lane 3) , which revealed that the recombinant GmPDIL7 was eluted from the gel filtration column in a monomeric position (data not shown).
The direction of a redox reaction between functional groups depends on their redox potentials, that is to say, a functional group with higher redox potential oxidizes a functional group with lower redox potential. To examine whether GmPDIL7 could oxidize unfolded proteins, the redox potential of the GmPDIL7 active center was determined. Recombinant GmPDIL7 was incubated in glutathione (GSH) buffer that contained various ratios of GSH/oxidized glutathione (GSSG) and the cysteine residue-free thiols were modified by methoxypolyethylene glycol maleimide (mPEG 5000-mal). The reduced and oxidized forms of GmPDIL7 were then separated by SDS/polyacrylamide electrophoresis (PAGE) (Fig. 4C, upper panel) , which An immature cotyledon (100 mg) was homogenized using a Dounce homogenizer and by sonication. The homogenate was centrifuged at 100 000 g for 2 h at 4°C in the absence (À) or presence (+) of 1% Triton X-100. GmPDIL7 in the supernatant (sup) and pellet (ppt) was detected by western blotting with anti-GmPDIL7 serum (L7), anti-soybean calnexin (CNX, a marker for ER membrane-bound protein) serum, or anti-GmPDIL-1 (L-1, a marker for ER lumen protein). (C, D) GmPDIL7 localizes in the ER. Cultured soybean DG330 (rpc00051) cells were fixed and embedded in resin. The sections were cut with a microtome and evaluated by immunostaining with antiGmPDIL7 (L7), or anti-GmBiP guinea pig serum (BiP) and anti-GmPDIS-1 rabbit serum (S-1), and observed under a confocal microscope. DIC, Nomarski image.
revealed that the redox state of GmPDIL7 changed according to the GSH/GSSG ratio. The calculated GmPDIL7 redox equilibrium constant was K eq = 17 mM (Fig. 4C, lower panel) . The redox potential of GmPDIL7 calculated using the Nernst equation was À187 mV. It is known that the total GSH concentration in the ER is approximately 9-10 mM and that the ratio of [GSH]/[GSSG] in the ER is approximately 3-5 : 1 [2, 36] . From these values, the reduction potential for GSH in the ER was estimated at À191 mV, indicating that GmPDIL7 has a higher redox potential than unfolded proteins with a redox potential between À220 and À200 mV [2] . This suggests that GmPDIL7 will act as a protein dithioldisulfide oxidant toward an unfolded protein. In addition, if oxidized GmPDIL7 is continually provided as a result of efficient oxidation by GmEro1, GmPDIL7 would oxidize substrates with higher Expression and purification of recombinant GmPDIL7 in E. coli. Recombinant GST-GmPDIL7 (GST-L7) in E. coli (lane 1) was adsorbed onto a glutathione resin column and the GmPDIL7 fragment (L7) was eluted from the resin by cleavage with PreScission TM Protease (lane 2), followed by gel filtration chromatography (lane 3). Proteins in each eluate were separated by 10% SDS/PAGE and stained with Coomassie Brilliant Blue. Purified recombinant GmPDIL7 (100 ng) (lane 4) was analyzed by western blotting with anti-GmPDIL7 serum. (C) Recombinant GmPDIL7 and GmPDIM (a standard redox potential control, its redox potential is À160 mV) redox equilibrium constant assay. Coomassie Brilliant Blue staining of the SDS/PAGE is shown above the redox graphs. Data are represented as the mean of triplicate experiments. (D) Dithiol oxidase activity of recombinant GmPDIL7. Dithiol oxidase activity of recombinant GmPDIL7 (L7), GmPDIL-1 (L-1), GmPDIL-2 (L-2), GmPDIM (M), GmPDIS-1 (S-1), or GmPDIS-2 (S-2) was assayed using a synthetic decapeptide containing two cysteine residues. (E) Oxidative refolding of denatured and reduced RNase A in GSH redox buffer was assayed in the presence of recombinant L7, L-1, L-2, M, S-1, or S-2. Data are represented as mean AE SEM from at least three replicates.
oxidizing redox potentials to an even greater extent. As expected from the redox potential value, the recombinant GmPDIL7 possessed the dithiol oxidation activity of a synthetic decapeptide containing two cysteine residues (Fig. 4D ) and its thiol oxidation activity was similar to other proteins in the soybean PDI family.
Next, the ability of recombinant GmPDIL7 to refold reduced and denatured RNaseA was measured in the presence of GSH redox buffer. The oxidative refolding activity of GmPDIL7 was 31 mmol RNaseAÁmmol
À1
PDIÁmin À1 (Fig. 4E) , which was the lowest activity observed in the PDI family proteins evaluated. The low folding activity observed was likely due to the fact that GmPDIL7 has only one active center because the active center of GmPDIL-2 was mutated to an inactive form and the refolding activity was decreased to approximately half [26] .
GmPDIL7 is a substrate of GmERO1a
The active centers of PDI family proteins are reduced when the disulfide bonds in an unfolded protein are catalyzed. Hence, a disulfide donor such as Ero1 is needed for the continuous oxidation reaction catalyzed by PDI family proteins in vivo [20, 21] . Previously, we found that soybean ERO1 (GmERO1a) had broad specificity for members of the soybean PDI family proteins [24] . Consequently, we examined whether recombinant GmPDIL7 was oxidized by recombinant GmERO1a. Because the oxidation of PDI family proteins by GmERO1a is accompanied by the consumption of O 2 , the oxidation of GmPDIL7 by GmERO1a was monitored by oxygen consumption (Fig. 5A) . The reaction was performed in the presence of GSH, which served as a substrate for the GmPDIL7 oxidized by GmERO1a, and the results indicated that GmPDIL7 was rapidly oxidized by GmERO1a (Fig. 5B) . The oxidation of GmPDIL7 by GmERO1a was also measured by a method that involved GSH disulfide reductase and NADPH (Fig. 5C ), which likewise revealed that GmPDIL7 was oxidized by GmERO1a. Furthermore, the oxidation rate of GmPDIL7 was similar to the rates observed for GmPDIS-1 and GmPDIS-2 (Fig. 5D) . In contrast to plants, human Ero1a and Ero1b preferentially oxidize PDI but do not oxidize other PDI family proteins. In humans, there are other oxidation pathways such as the peroxiredoxin-4 pathway, which complicates the function of Ero1a and Ero1b by oxidizing other PDI family proteins such as ERp46 and P5 using the H 2 O 2 generated during the oxidation of PDI by human Ero1a [37] . To date, a peroxiredoxin-4 ortholog has not been found in plants. Plant Ero1 might be the primary disulfide bond donor for oxidative folding in the ER and could supply disulfide bonds to several PDI family proteins.
The oxidative refolding of RNaseA by recombinant GmPDIL7 was determined in the presence of GmERO1a without GSH redox buffer (Fig. 5E,F) , which revealed that GmPDIL7 was able to refold reduced and denatured RNase A in the presence of GmERO1a. However, its oxidative refolding activity was lower than that of GmPDIL-1, although GmPDIL7 was oxidized faster than GmPDIL-1 by GmERO1a, indicating that its isomerization activity was inferior to the activity of GmPDIL-1.
Association of GmPDIL7 and other soybean PDI families
Previously, it was found that GmPDIS-1, GmPDIM, and GmPDIL-2 associate with nascent proglycinin in the cotyledon cell ER [11, 14, 16] . In addition, GmPDIM and GmPDIL-2, GmPDIM and GmPDIS-1, and GmPDIM and GmPDIS-2 have been shown to form complexes in the ER, suggesting that these PDI family proteins cooperatively fold proglycinin [14, 16] . Among the complexes, it has been shown in vitro that GmPDIM and GmPDIL-2 cooperatively refold RNaseA that has been reduced and denatured [26] . Accordingly, we examined the associations of GmPDIL7 with other PDI family proteins in the soybean cotyledon ER by coimmunoprecipitation with anti-GmPDIL7 serum (Fig. 6A) , which revealed that GmPDIM, GmPDIS-1, and GmPDIS-2 coprecipitated with GmPDIL7. When the experiments were performed with each of the anti-PDI family protein sera, the 47-kDa GmPDIL7 band was difficult to detect by western blot analysis after SDS/PAGE, owing to the overlap with the IgG heavy chains of the antibodies used for the immunoprecipitation. In order to overcome the problem, the proteins immunoprecipitated with each of the anti-PDI family protein sera were separated by two-dimensional gel electrophoresis of involving IEF (first dimension) and SDS/PAGE (second dimension), which revealed the coimmunoprecipitation of GmPDIL7 with GmPDIM, GmPDIS-1, or GmPDIS-2 (Fig. 6B) . Because the coimmunoprecipitation experiments were performed without treatment for protein crosslinking, the associations of GmPDIL7 and GmPDIM, GmPDIS-1, or GmPDIS-2 were stable.
Because GmPDIL-2 accelerates the oxidation of GmPDIM by GmERO1a in a manner to transfer oxidative equivalents from GmPDIM to GmPDIL-2 [26] , we examined the oxidation rates of the coexisting PDI family proteins by GmERO1a (Fig. 7A) , which revealed that the oxidation rates of GmPDIL7 and GmPDIM or GmPDIL7 and GmPDIL-2 were nearly Immunoprecipitation (IP) from the cotyledon extract was conducted using anti-GmPDIL7 (L7) or preimmune serum. The immunoprecipitate was subjected to western blotting with antiGmPDIL-1 (L-1) serum, anti-GmPDIL-2 (L-2) serum, anti-GmPDIM (M) serum, anti-GmPDIS-1 (S-1) serum, or anti-GmPDIS-2 (S-2) serum. (B) Immunoprecipitation from the cotyledon extract was conducted using anti-L-1 serum, anti-L-2 serum, anti-M serum, anti-S-1 serum, or anti-S-2 serum. The cotyledon extract (input) and the resulting immunoprecipitates were subjected to two-dimensional gel electrophoresis, involving IEF (first dimension) and SDS/PAGE (second dimension), was followed by western blotting (WB) with anti-L7 serum. Dotted circles represent L7 spots.
the same as the sum of the oxidation rates of each of the PDI family proteins. However, the oxidation rates of GmPDIL7 and GmPDIS-1, GmPDIL7 and GmPDIS-2, or GmPDIL7, GmPDIM, and GmPDIL-2 were lower than the sum of the oxidation rates of each of the PDI family proteins. These results suggested that there was no transfer of oxidative equivalents between GmPDIL7 and GmPDIM, GmPDIS-1, GmPDIS-2, or GmPDIL-2. Thus, these GmPDI family proteins, which form complexes including GmPDIL7, might be oxidized by GmERO1a independently in the ER. It is possible that these complexes play another role in vivo.
We determined the effects of the coexistence of GmPDIL7 and other PDI family proteins on the oxidative folding of denatured RNase A. The coexistence of GmPDIL7 and GmPDIM, GmPDIS-1, or GmPDIS-2 shortened their lag times, which occurred prior to the initiation of refolding (Fig. 7F , purple bars). However, no additive effect on the refolding rate was observed (Fig. 7F, red bars) . The oxidative refolding of denatured RNase A by GmPDIM in the presence of GmERO1a is reportedly synergistically accelerated by GmPDIL-2 (Fig. 7F) [26] . The coexistence of GmPDIL7 with GmPDIM and GmPDIL-2 shortened the lag time, but caused a significant decrease in the refolding rate (Fig. 7B,F) , suggesting that GmPDIL7 and GmPDIL-2 compete against each other for the formation of a complex with GmPDIM. Thus, the GmPDIL7/GmPDIM and GmPDIL-2/ GmPDIM complexes in the ER might act separately during oxidative folding. The coexistence of GmPDIL7 and GmPDIL-2 caused an increase in the refolding rate (Fig. 7C-F) , suggesting that GmPDIL7 initially forms non-native disulfide bonds in the substrate, and then GmPDIL-2 rearranges them into native bonds. The coexistence of GmPDIL7 and GmPDIL-2 with GmPDIS-1 or GmPDIS-2 shortened the lag time but caused a decrease in the refolding rate (Fig. 7C,D,F) . In addition, the coexistence of GmPDIL7 with GmPDIL-2, GmPDIM, GmPDIS-1, and GmPDIS-2 also shortened the lag time, but it did not affect the refolding rate (Fig. 7E,F) . These results suggest that GmPDIL7 and other GmPDI family proteins do not synergistically fold substrates, but rather, the coexistence of GmPDIL7 and other GmPDI family proteins might accelerate the initiation of oxidative protein folding.
In this study, we found that GmPDIL7, an ER membrane-bound protein, was rapidly oxidized by GmERO1a, which is also an ER membrane protein [26] . Even though GmPDIL7 has only one active center, its oxidation activity was similar to the activity of other PDI family proteins that have two active centers. However, the oxidative refolding activity of GmPDIL7 was very low. Based on these results, we believe that a major role of GmPDIL7 could be to cotranslationally introduce the disulfide bonds transferred from GmERO1a to nascent polypeptides in the vicinity of the ER membrane. In addition, GmPDIL7 might oxidize luminal portions of membrane-bound proteins in the ER. Furthermore, the quick formation of disulfide bonds prior to folding might expedite the initiation of the folding by other PDI family proteins such as GmPDIL-2. In addition, GmPDIL7 associated with GmPDIM, GmPDIS-1, and GmPDIS-2. However, no synergistic oxidative folding was observed by the coexistence of GmPDIL7 and GmPDIM, GmPDIS-1, or GmPDIS-2, which was in contrast to the synergistic action that occurred by the coexistence of GmPDIM and GmPDIL-2. Hence, the formation of complexes of GmPDIM, GmPDIS-1, or GmPDIS-2 with membranebound GmPDIL7 might operate in favor of disulfide bond formation on nascent polypeptides. Oxidative folding occurs via two steps, the first of which is the introduction of transient, non-native disulfide bonds and the second, which includes their isomerization into native disulfide bonds [38] . For example, PDI family proteins such as GmPDIL7 form non-native disulfide bonds in the substrate and then expert PDI family proteins at isomerization such as GmPDIL-2 fold and rearrange them into native bonds. Thus, the division of Fig. 7 . Effects of the coexistence of GmPDIL7 and PDI family proteins in vitro. (A) Effect on oxidation by GmERO1a. The oxidation rate of NADPH in the presence of 1 lM GmERO1a and 3 lM GmPDIL7 (L7), GmPDIL-2 (L-2), GmPDIM (M), GmPDIS-1 (S-1), or GmPDIS-2 (S-2) in the presence of 3 mM GSH, 120 lM NADPH, and 1 UÁmL À1 GR was determined. Values are shown as the ratio of the measured value (MV) for the coexistence of GmPDI family proteins (black bars) to the calculated sum (CS) of the rate of oxidation of individual PDI family proteins (shown in Fig. 5D ) by GmERO1a. The measured oxidation rates were 12.9 (L7 + M), 14.0 (L7 + S-1), 17.2 (L7 + S-2), 9.5 (L7 + L-2), 5. the two steps between PDI family proteins might be sufficient for effective oxidative folding in vivo.
Experimental procedures
Plants and cell culture Soybean (G. max L. Merrill cv. Jack) seeds were planted in 5-L pots and grown in a controlled environmental chamber at 25°C under 16-h day/8-h night cycles. All samples collected, with the exception of the leaves used for the ER stress experiment, were immediately frozen and stored in liquid nitrogen until use. Soybean DG330 (rpc00051) cells [39] were provided by RIKEN BioResource Center (Tsukuba, Japan), and cultured, propagated, and passaged in a 200-mL Erlenmeyer flask containing 80 mL of 0.25% gellan gum-solidified Murashige and Skoog medium at 25°C under 5000 lx continuous light.
Cloning of GmPDIL7 cDNA
The cloning of the cDNA for GmPDIL7 was performed by RT-PCR. Soybean leaves were frozen in liquid nitrogen and then ground into a fine powder using an SK-100 micropestle (Tokken, Chiba, Japan). Total RNA was isolated using an SV Total RNA Isolation System (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol and the cDNA was prepared from total RNA using a Prime Script TM RT reagent Kit (TaKaRa Bio Inc., Shiga, Japan). The amplification of GmPDIL7 cDNA was performed using PrimeSTAR 
Quantitative real-time PCR analysis
Soybean roots, stems, and leaves were collected from plants 20 days after seeding. For the treatment of the leaves to induce ER stress, the leaves were divided into two halves and 5 mL of H 2 O with 0.1% DMSO alone or with 20 lgÁmL À1 tunicamycin or 1 mM dithiothreitol was administered to the inner surface of one-half of each of the leaves and incubated at 25°C for 10 h. Total RNA was isolated from the plant tissues using the SV Total RNA Isolation System. The cDNA was prepared from the total RNA using the Prime Script TM RT reagent kit. The quantification of the mRNA was conducted using SYBR Ò Premix Ex 
Preparation of recombinant GmPDIL7
Expression plasmids encoding GST-fused GmPDIL7 (Glu25-Asp375) lacking the signal peptide predicted by SOSUI [40] , the putative transmembrane region predicted by TMHMM [41] and the subsequent C-terminal flanking region were constructed. The DNA fragment was amplified from GmPDIL7 cDNA by PCR using the oligonucleotide primers 5 0 -GGCTTGGAATTCCCGAGACATTC TCGGTGGATG-3 0 and 5 0 -TGTACACGTCGACTTAG TCAAAGGATCGATGGATGAA-3 0 . The resulting DNA fragment was then digested with EcoR1 and Sal1 (TaKaRa Bio Inc.) and subcloned into the pGEX6p-2 vector (GE Healthcare, Little Chalfont, Buckinghamshire, UK), which had been cleaved with EcoR1 and Sal1. The recombinant protein had GST linked to the N terminus. The GST fusion vector was transformed into E. coli. BL21 (DE3) cells (Takara Bio Inc.) as described above.
The expression of recombinant GST-GmPDIL7 was induced in lysogeny broth (LB) containing 0.5 mM isopropyl-b-D-thiogalactoside and 100 lgÁmL À1 ampicillin at 15°C for 120 h. The cells in 1 L of culture broth were collected by centrifugation at 6500 g for 20 min at 4°C, disrupted by sonication in 50 mL of 20 mM sodium phosphate-buffered saline (pH 7.4), and then centrifuged at 26 000 g for 20 min at 4°C. The supernatant was applied to a column packed with a Glutathione Sepharose TM 4B and digested by PreScission Protease. The eluted recombinant GmPDIL7 was then purified by gel filtration chromatography on a TSKgel Ò G3000SW column (Tosoh, Tokyo, Japan) equilibrated with 20 mM Tris-HCl buffer (pH 7.4) containing 0.15 M NaCl and 10% glycerol. The concentration of the purified recombinant GmPDIL7 was determined from its absorbance at 280 nm using a molar extinction coefficient of 35 995 M À1 Ácm À1 , which was calculated by the modified method of Gill and von Hippel [42] . Typically, 10 mg of recombinant GmPDIL7 was obtained from 1 L of LB broth. The purity of the recombinant GmPDIL7 was confirmed by SDS/PAGE [43] .
Western blot analysis
Roots, leaves, and stems were collected from the plants 20 days after seeding. The seeds were also collected from the plants and the cotyledons were isolated. The tissues were frozen in liquid nitrogen and then ground into a fine powder using an SK-100 micropestle. The proteins were extracted by boiling for 5 min in SDS/PAGE buffer [43] containing a 1% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). To cleave the N-glycans, the proteins were extracted from the cotyledons in 0.1% SDS/ 50 mM phosphate buffer (pH 5.5) and the concentration of the proteins in the sample was measured using a reducing agent and detergent compatible (RC DC TM ) protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The proteins (0.4 mg) were then treated with 10 mU PNGase F (Sigma-Aldrich) or endoglycosidase H (Sigma-Aldrich) at 37°C for 16 h. To separate the supernatant and the membrane fractions, the frozen cotyledons from three 100 mg seeds were crushed in 200 mM Tris-HCl (pH 7.8) using a Dounce homogenizer (Wheaton, Millville, NJ, USA) and disrupted by sonication on ice. The homogenate was then placed into a cell strainer (BD Biosciences, San Jose, CA, USA) and centrifuged at 824 g for 40 min at 4°C. The filtered suspension was divided two fractions, diluted with 200 mM Tris-HCl (pH 7.8) with or without 1% Triton X-100, and centrifuged at 100 000 g for 1 h at 4°C. The proteins were subjected to SDS/PAGE [43] and blotted onto a polyvinylidene difluoride membrane. The blots were then immunostained with antiserum specific to the proteins detected as the primary antibody followed by horseradish peroxidase-conjugated IgG antiserum (Promega, Fitchburg, WI, USA) as the secondary antibody. Anti-GmPDIL7 guinea pig serum was prepared by Japan Bio Serum (Hiroshima, Japan) using recombinant GmPDIL7. AntiGmPDIL-1 and antisoybean calnexin (GmCNX) serum were prepared as previously described [26] . The blots were developed using the Western Lightning Ò Chemiluminescence Reagent (Perkin Elmer Life Sciences, Waltham, MA, USA).
Confocal microscopy
Cultured soybean DG330 (rpc00051) cells were fixed in 4% formaldehyde for 1 h at room temperature. The fixed tissues were then washed twice for 1 min each in PBS and clarified using ClearSee optical clearing reagent at room temperature for 3 days [44] . The ClearSee-treated cells were dehydrated in a series of ethanol dilutions, embedded in Technovit Ò 7100 resin (Heraeus Kulzer, Wehrheim, Germany), and sliced into sections using a rotary RP-50 microtome (Yamato, Saitama, Japan). The sections were then stained with anti-GmPDIS-1 rabbit serum [14] , followed by staining with Cy5-conjugated anti-(rabbit IgG) goat serum (Rockland Immunochemicals Inc., Limerick, PA, USA). For the detection of GmPDIL7 or GmBiP [14] , the specimens were stained with guinea pig antiserum against recombinant GmPDIL7 or guinea pig antiserum against recombinant GmBiP, followed by staining with Cy3-conjugated anti-guinea pig IgG donkey serum (Chemicon International, Temecula, CA, USA). The specimens were examined on an FV1000-D confocal laser scanning imaging system (Olympus, Tokyo, Japan).
Measurement of the GmPDIL7 redox equilibrium constant
GmPDIL7 (1 lM) was incubated with 0.1 mM GSSG and 0.015-28 mM GSH at 25°C for 1 h in 0.1 M sodium phosphate buffer (pH 7.0) containing 1 mM EDTA and 0.15 M NaCl. After incubation under N 2 at 25°C for 1 h, further thiol-disulfide exchange was prevented by the addition of 10% trichloroacetic acid. The aggregated proteins were precipitated by centrifugation, washed with 100% acetone, and the protein pellet was solubilized and incubated in 0.1 M sodium phosphate buffer (pH 7.0) containing 2% SDS and 3 mM methoxypolyethylene glycol maleimide (Fluka/Sigma-Aldrich) at 25°C for 30 min. 
Dithiol oxidase activity assay
The dithiol oxidase activity was measured using a synthetic peptide, NH 2 -NRCSQGSCWN-COOH (Operon Biotechnologies, Tokyo, Japan), as previously described [45, 46] . Briefly, the recombinant proteins (0.56 lM) were incubated in McIlvaine buffer (0.2 M disodium phosphate/0.1 M citrate buffer, pH 6.0), 2 mM reduced GSH, 0.5 mM oxidized GSH, and 5 lM synthetic peptide at 25°C, and fluorescence was monitored on an FP-750 fluorescence spectrophotometer (JASCO Corporation, Tokyo, Japan) at 350 nm with excitation at 280 nm. The half-time was determined by calculating the midpoint fluorescence as the mean of the initial and final fluorescence intensities. A measure of the rate of the reaction was determined from the inverse of the half-time of the reaction. 
